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Abstract
The use of toughened matrix composite materials offers an attractive
solution to the problem of poor damage tolerance associated with ad-
vanced composite materials. In this study, the unidirectional laminate
strengths and moduli, notched (open-hole) and unnotched tension and
compression properties of quasi-isotropic laminates, and compression-
after-impact strengths of five carbon fiber/toughened matrix compos-
ites, IMT/E7T1-2, IMT/X1845, G40-800X/5255-3, IM7/5255-3, and
1M7/5260, have been evaluated. The compression-after-impact (CAI)
strengths were determined primarily by impacting quasi-isotropic lam-
inates with the NASA Langley air gun. A few CAI tests were
also made with a drop-weight impactor. For a given impact energy,
compression-after-impact strengths were determined to be dependent on
impactor velocity. Properties and strengths for the five materials tested
are compared with NASA data on other toughened matrix materials
(IM7/8551-7, IM6/1808I, IM7/977-2, IMT/F655, and T800/F3900).
This investigation found that all five materials were stronger and more
impact damage tolerant than more brittle carbon/epoxy composite ma-
terials currently used in aircraft structures.
Introduction
The use of carbon fiber/epoxy composite materi-
als in primary aircraft applications has been limited
by poor damage tolerance. The strength of these ma-
terials is greatly reduced by impact damage as well
as by fastener holes. Carbon/epoxy composites used
for primary structures must be damage tolerant and
resist delamination. The use of toughened lnatrix
composites (thermoset/thermoplastic blends) offers
a potentially attractive solution to the problem by
providing the mechanical properties of a therlnoset
with the toughness of a thermoplastic.
Many toughened epoxy and bismaleimide resin
materials (table 1) are now commercially avail-
able, and several of these materials (IM7/977-2,
IM7/F655, T800/F3900, IM7/8551-7, and
IM6/1808I) have been previously evaluated at the
NASA Langley Research Center (refs. 1 and 2).
These toughened materials have substantially better
strength properties than earlier brittle carbon/epoxy
composites such as Thornel T-300/Narmco 5208.
(Thornel is a trademark of Union Carbide Corpo-
ration and Narmco is a trademark of Narmco Mate-
rials.) This study continued the evaluation of tough-
ened matrix composites. Properties are presented
for five new commercially available toughened ma-
terials, IM7/E7T1-2, IMT/X1845, G40-800X/5255-3,
IM7/5255-3, and IM7/5260, which offer the potential
for similar improvements in structural performance.
The results of an experimental evaluation of these
five new materials are presented. The data in-
clude unidirectional laminate strengths and mod-
uli, notched (open-hole) and unnotched tension and
compression properties of quasi-isotropic laminates,
and compression-after-impact strengths. These data
are compared with the properties of the five car-
bon/toughened matrix materials previously tested at
Langley (refs. 1 and 2). All work reported was per-
formed at the Langley Research Center.
Materials
The IM7/E7T1-2 material was supplied by U.S.
Polymeric. The E7T1-2 material is a two-phase
toughened epoxy resin, and the Hercules IM7 car-
bon fiber has a iligh failure strain (1.6 percent).
The IM7/X1845 material was obtained from Amer-
ican Cyanamid Company and utilizes an engineered
two-pha_se epoxy resin. The G40-800X/5255-3,
IM7/5255-3, and IM7/5260 materials were supplied
by BASF. The Celion G40-800X is a high-strength
carbon fiber mamffactured by BASF. Tile 5255-3 is
a two-phase toughened epoxy resin, and the 5260
is a modified bismaleimide (BMI). High-temperature
capabilities are provided by BMI resins, but they gen-
erally have lower failure strains than epoxy resins.
Table 1 presents the approximate cost of these ma-
terials and the five materials previously tested at
Langley (refs. 1 and 2). These 10 new materials
are two to six times morc expensive than the Her-
cules AS4/3501-6 material, all older brittle epoxy
composite.
Manufacturer-supplied information on the pre-









Unidirectional(0° and 90°), cross-plied(+45°/
-45°)2s, and quasi-isotropic(45°/0°/-45°/90°)ns
laminatesweremachinedinto testspecimensfor the
testmatrixshownill table3. Tile specimenconfig-









Mostspecimensweretestedat roomtemperature(seetable3) and hada moisturecontentresulting
from normal lat)oratoryexposure.This condition
is referredto as "roomtemperature,dry" (RTD).
Otherspecimensweresoakedill a 160°Fwaterbath
for 45 daysan(t then testedat 180°F.This condi-




in the RTD conditionbeforesoakingandagainaf-
ter soakingfor 45clays.Thedatashowedthat the
IM7/E7T1-2andIM7/X1845materialshada mois-
tureabsorptionof 0.40t)ercentand0.52percent,re-
spectively.As expected,the G40-800X/5255-3and[M7/5255-3materialshad similarmoistureabsorp-
tion of 0.37percentand 0.41percent,respectively;
however,the IM7/5260material,a bismaleimide,







with hydraulic-pressure-actuatedgripsat a displace-
mentrateof 0.05in/rain. The0° tensionspecimens
weretabbedwith fiberglass.The90° and450/-45°
tensionspecimenshoweverwerenot tabbed;instead,
they weregrippedwith 180-gritfabricand Lexan
film to eliminategrip damageto the specimens.
The grit fabricwasplacedin direct contactwith
thespecimenbeingtested,whereasthe Lexanfihn
wasplacedin direct contactwith the testingma-
chinegrips. The 0° compressionspecinmnswere
testedin a short-blockcompressionconfiguration,
shownin figure5(b). The 0° compressionspeci-
menswereinstalledin an SBCfixture (fig. 6(a)),
whichclampsthe specimenendsto avoid"broon>
ing" failures.Compressionspecimensweretestedin
a 12()-kiphydraulictestingmachineat a displace-
mentrateof 0.05in/rain. Duringboth tensionand
compressiontesting,thestressandstrain(tatawere
recordedthroughouthetestswith an IBM PCdata
acquisitionsystem.
Unnotched and Notched (Open-Hole)
Tension and Compression Tests
Data were obtained from quaui-isotropic un-
notched and notched (open-hole) tension and com-
pression specimens, figures 5(c), 5(d), and 5(e). Un-
notched compression tests were performed with the
SBC test fixture shown in figure 6(a). Notched com-
pression specimens were. tested in a compression fix-
ture (fig. 6(b)), which not only clamps the ends
but also provides knife-edge side supports to prevent
global buckling. All compression tests were made in a
120-kip hydraulic testing machine at a displacement
rate of 0.05 ill/milL The tension specimens were
tested in a 55-kip electronic servo-hydraulic testing
machine with hydraulic-pressure-actuated grips. In
the same manner ms the ply-level tension specimens,
180-grit fabric and General Electric Lexan film were
used in the grips to prevent grip damage to the spec-
imen, and a displacement rate of 0.05 in/rain was
used.
Compression-After-Impact Tests
Conlpression-after-impact tests, in most ca.ses,
were performed on st)ecimens (fig. 5(f)) impacted by
a 0.5-in-diameter ahmfinum ball fired from an air gun
while supported in the loading fixture (fig. 6(b)). The
air-gun impact apparatus (fig. 7), a Langley develop-
ment, is described in references 1 and 2. The velocity
of the aluminum projectile is controlled to produce a
desired impact energy. In this work, specimens were
impacted at energies per unit thickness of 1000 and
1500 in-lb/in. A few specimens were impacted with
a 10-1b, 0.5-in. hemispherical steel-tip drop-weight
impactor by using the technique described in refer-
ence 5. After impact, all specimens were ultrason-
ically inspected to dcterInine the damage area and
then instrumented with strain gauges. The speci-




rateof 0.05in/min wasmaintainedwhile the load
andstraindatawererecordedoil all IBM PC data
acquisitionsystem.
Results and Discussion
Typicalstress-strainplots for the fivematerials
evaluatedareshownin figures8 to 12.Themechan-
ical propertiesdata for all individualspecimensare
presentedin tables4 to 14andtile averageproper-
tiesarccomparedin figures13to 21. For compari-
son purposes, these figures inchlde data for five pre-
viously tested toughened resin systems, IM7/8551-7
and IM6/1808I from reference 1 and IM7/977-2,
IM7/F655, and T800/F3900 from reference 2. The
IM7/977-2 material combines high-failure-strain car-
bon fibers with a two-phase toughened epoxy. The
IMT/F655 material uses a two-phase toughened bis-
maleimide resin. The IM7/8551-7, IM6/1808I, and
T800/F3900 materials are all high-failure-strain car-
bon fiber/toughened epoxy systems. The 1808I resin
system incorporates a l-rail thermoplastic fihn ap-
plied to one side of the prepreg tape, whereas the
8551-7 and F3900 resins combine a toughened epoxy
with sluall elastomeric particles that form a compli-
ant interleaf between fiber plies. Because these par-
ticles are larger than the space between fibers, they
are mostly confined to the interply region.
Ply-Level Properties (0 °, 90 °, and ±45 °
Laminates)
Table 4 presents the results of the 0° tension
tests for the ]M7/E7T1-2, IM7/X1845, G40-800X/
5255-3, IM7/5255-3, and IM7/5260 materials. In
table 4 and subsequent tables, modulus values are
given in million pounds per square inch (Msi). Uni-
directional tension tests are primarily a measure of
fiber strength; therefore, similar strengths were ex-
pected for the four materials made with IM7 fillers.
However, the four materials composed of IM7 fibers
produced tension strengths that ranged from
328.95 ksi for the IM7/E7T1-2 material to 411.23 ksi
for the IM7/5260 material, with nominal fiber vol-
ume fi'actions of 56.8 percent and 60.5 percent,
respectively. The 0° tension strength and modulus
values are shown in figure 13. Although all 10 tough-
ened materials had essentially the same modulus, the
strengths varied widely with tim IM6/1808I mate-
rial being the lowest and the IM7/5260 the highest.
Overall, the five new materials exhibited the same
tension strengths as the five previously tested tough-
ened systems.
The unidirectional compression data for four of
the five materials tested in this work are presented
in table 5. Because of a lack of sufficient material,
unidirectional compression tests were not performed
on the IM7/5255-3 material. Unidirectional com-
pression testing was performed to obtain values of
modulus and Poisson's ratio. Meaningful values of
unidirectional compression strengths however cannot
be obtained from the short-block configuration used
in this study. In the SBC configuration, failure of
the unidirectional specimens occurs because of lon-
gitudinal splitting of the specimens. Therefore, the
compression strengths given in table 5 are not a true
indication of the material's unidirectional compres-
sion strength. The modulus and Poisson's ratio are
measured below the stress at which splitting occurs;
therefore, they are valid indicators of the material's
properties. The unidirectional compression and ten-
sile modulus values are compared in figure 14 and
show similar results, although the tensile modulus
values are slightly higher than the compression val-
ues. Like moduli, the Poisson's ratio for the five new
materials are virtually identical. Both unidirectional
compression and tension properties of the new ma-
terials are similar to thosc of the other toughened
matrix materials.
The 90 ° tension test is a measure of resin prop-
erties and the data ot)tained are presented in ta-
ble 6. The results are compared with other tough-
ened matrix systems in figure 15. The five new
materials had tension moduli that ranged from
1.79 Msi for the G40-800X/5255-3 to 1.42 IVlsi for
tile IM7/E7T1-2 and each had higher modulus val-
ues than the five previous matrix systems. The
IMT/E7T1-2, IM7/X1845, IM7/977-2, IM7/F3900,
and IM7/8551-7 materials had similar tensile
strengths of about 10 ksi, whereas the G40-800X/
5255-3 and IM7/5255-3 materials had values near
8 ksi. The tension strength of the IM7/5260 ma-
terial was superior to that of the other materials,
which was a surprising result; this material was ex-
pected to have a strength similar to the IM7/F655
material, also a BMI.
The =t=45° test results, which depend on both
the resin matrix and the fiber/matrix interface, are
presented in table 7. Figure 16 shows the average
extensional moduli and strengths of the five materials
along with the average values of the five previously
tested materials. The shear moduli (G12) for the
five new toughened matrix materials were determined
from the -t-45 ° tension test, ASTM D 3518-76 (ref. 6).
The five new materials had similar strengths and
they performed as well as or better than the five
previously tested materials. The materials tested
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in this workhadhighermodulusvaluesthan those
measuredfor the othertoughenedsystems.Shear




Notched (Open-Hole) and Unnotched
Properties of Quasi°Isotropic Laminates
The notched (open-hole) and unnotched tension
strengths for tile five materials are presented in ta-
bles 8 and 9 and compared with the previously
tested materials in figure 17. (Notched strengths are
based on gross specimen cross-sectional area.) The
IM7/E7T1-2 and IM7/X1845 materials show similar
notched and unnotched tension strengths, whereas
the IM7/5255-3 and IM7/5260 materials had slightly
higher ultimate strengths. The G40-800X/5255-3
material outperformed all the other materials in both
notched tension and mmotched tension. Because IM7
and G40-800X fibers have similar modulus values
(about 40 Msi), the greater strengths shown by the
G40-800X fiber may be due to greater fiber/matrix
adhesion. The nine materials made with 40-Msi
fibers performed better in these tests than did the
IM6/1808I material, which incorporates a lower mod-
ulus fiber. As shown in figure 17, notches (0.25-in.
diameter) significantly reduced the tension strengths
()f all the materials, but increasing the hole size t.o a
0.5-in. diameter di(t not markedly alter the reduction.
A measure of merit in notched RTD tension tests is
for specimens with 0.25-m-diameter holes to attain
a faihu'e stress of 60 ksi. Except for the IM6/1808I
material, all the toughened matrix nmterials met the
goal of 60 ksi.
The notched (open-hole) and unnotched com-
pression strengths of the live materials are shown
in tat)les 10 and 11 and compared in figure 18.
The unnotehed data were obtailmd with the SBC
configuration. The IM7/ETT1-2, G40-800X/5255-3,
and IM7/5255-3 materials showed similar unnotched
coint)ression strengths (q7.1, 99.9, and 95.1 ksi),
an(l these strengths were in the same range (90-
100 ksi) as the previously tested materials. The
IM7/X1845 nmterial showe(t the poorest unnotched
strength (84.5 ksi), whereas the IM7/5260 mate-
rial had the highest ultiumte strength (117.9 ksi).
As shown in figure 18, open holes significantly re-
duce the compression strength of all the materials
(ot)en-hole strengths are ba,sed on gross specimen
(:ross-sectional area), aim as hole diameter increased,
open-hole coinpression (OHC) strengths decreased.
Again, the IM7/5260 material showed the highest
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OHC strengths and the IM7/X1845 material showed
the lowest OHC strengths. A measure of merit in
notched RTD compression tests is for specimens with
a 0.25-in-diameter hole to attain a failure stress of
42 ksi. All the toughened matrix materials met this
goal of 42 ksi.
The compression properties for the HW notched
laminates are shown in table 12 and compared in
figure 19. The hot, wet conditioning resulted in
reduced OHC strengths for all the materials. The
BMI materials, IM7/5260 and IM7/F655, were ex-
pected to have good high-temperature properties.
Their reductions in strength were 12.9 and 15.0 per-
cent, respectively. However, the IM7/5255-3 mate-
rim was tile least affected by the HW conditions, as
evidenced by a strength reduction of only 6.7 per-
cent. As shown in figure 19, the G40-8(10X/5255-3,
IM7/5255-3, IM7/5260, and IM7/F655 materials met
the goal of 42 ksi, even when sut)jecte(t to HW
conditioning.
Compression-After-Impact Results
The average compression-after-lint)act (CAI)
strengths measured ill this investigation are listed
in table 13. Figure 20 shows a comparison of these
strengths and previous data from refere.nces 1 and 2.
The results in figure 20 show that drop-weight CAI
strengths are consistently higher than air-gun CAI
strengths for the salne impact energy. Because of a
lack of sufficient material, drop-weight testing was
not performed on the IM7/5255-3 material. St)eei-
mens subjected to a 1500 in-lb/in, drop-weight iln-
pact also ha(1 higher CAI strengths than when sub-
jected to a lower impact energy per unit thickness
of 1000 in-lb/in, with tile air gun. The only ex-
ception was the TS00/F3900 material. The three
toughened epoxy nmterials of this investigation sub-
jected to tile drop-weight tests had similar drop-
weight CAI strengths. All four toughened epoxy ma-
terials had similar air-gun CAI strengths (values are
within 10 percent for each impact energy level). The
IM7/5260 material, a BMI, had the lowest air-gun
CAI strengths of the five materials tested, but its
drop-weight CAI strength was similar to the epoxy,
matrix laminates. These results indicate that im-
pact velocity is an important factor in determining
damage tolerance; this factor is discussed in more
detail subsequently. The T800/F3900, IM7/8551-7,
and IM6/1808I materials, which incorporate a com-
pliant interleaf layer for added toughness, had the
highest CAI strengths of all 10 materials tested in the
Langley program. As shown ill table 14 an(t figure 21,




of the materialsstudiedin this work are plotted
versustheir correspondingCAI strengths in fig-
ures 22 and 23. Data from references 1 and 2
are also included. In figure 22, CAI strengths are
plotted for air-gun impacts at 1000 and 1500 in-lb/in.
For air-gun impacts, the three interleaved materi-
als (T800/F3900, IM7/8551-7, and IM6/1808I de-
picted by dashed lines) had smaller damage areas
and higher CAI strengths than the other toughened
systems. Figure 23 presents the results obtained for
the drop-weight impact tests. All the materials ex-
cept IM7/F655 have similar CAI strengths of about
40 ksi, which is substantially greater than most air-
gun values. As shown in figures 22 and 23, the drop-
weight impact procedure produced less damage area
and resulted in higher CAI strengths than the air-
gun impact procedure for the same impact energy to
thickness ratio (1500 in-lb/in.) for all the materials
subjected to both test procedures.
An explanation for the difference in CAI strengths
obtained by drop-weight and air-gun impacts is
given in references 7 and 8. A composite lami-
nate struck by a fast-moving projectile (air-gun im-
pactor, 540 ft/sec) undergoes a localized deforma-
tion for a brief time. A state of transverse shear
stress is caused by this local deformation, which in
turn causes delaminations if it exceeds the interlam-
inar shear strength of the composite. On the other
hand, the drop-weight impact is a much slower im-
pact (14 ft/sec) for the same energy level. Because of
the slower impact, global deformations occur; thus,
the transverse shear stresses are reduced.
Summary Strength Comparisons
The undamaged mechanical properties of the five
materials evaluated in this work are comparable with
the properties for the five previously evaluated ma-
terials (refs. 1 and 2); therefore, these five materials
also offer improved damage tolerance and mechanical
properties when comparcd with earlier, more brittle
composite materials. Figures 24 and 25 compare the
strength performance of the 10 composite materials
tested in this evaluation project.
Laminate tension strength (open-hole specimen)
versus tension modulus for quasi-isotopic laminates
is shown in figure 24. The results shown are those
from specimens with a 0.25-in-diameter open hole.
In this comparison, the G40-800X/5255-3 laminates
provided the best combination of tension properties.
Figure 25 shows the open-hole (0.25-in-diameter)
compression strength versus the compression-after-
impact (CAI) strength for quasi-isotropic laminates
made with the 10 materials. Data shown are from
air-gun impact tests at an energy level to laminate
thickness ratio of 1500 in-lb/in. In this compari-
son, superior CAI strengths were demonstrated by
the two composite materials having a compliant in-
terleaf between plies. From a design standpoint, it
is desirable for the CAI strength of a laminate to
be greater than its open-hole compression strength.
None of the materials demonstrated this combination
of properties.
Conclusions
Unidirectional laminate strengths and moduli,
notched (open-hole) and unnotched tension and com-
pression properties of quasi-isotropic laminates, and
compression-after-impact strengths of five carbon
fiber/toughened matrix composites (IM7/E7T1-2,
IMT/X1845, G40-800X/5255-3, IM7/5255-3, and
IM7/5260) were determined in this investigation.
The results of this work lead to the following
conclusions:
1. These five toughened composites offer im-
proved damage tolerance and mechanical
properties when compared with earlier, more
brittle composite materials presently used in
aircraft structures.
2. The undamaged mechanical properties of the
five materials evaluated in this work are com-
parable with the properties for previously
evaluated toughened resin systems, but their
damage tolerance is not as good as mate-
rials that incorporate a compliant interleaf
(T800/F3900, IM7/8551-7, and IM6/1808I)
for added toughness.
3. Compression-after-impact strengths are de-
pendent on impactor velocity for a given im-
pact energy.
4. A combination of heat and moisture de-
graded the compression strength of all the
notched and impacted materials evaluated in
this investigation.
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Table i. Materials Evaluated
Approximate











































aTPT = Two-phase toughened.
TEP = Toughened with elastomeric particles.
TTF = Toughened with a 1-mil thermoplastic film.
bFor reference, Hercules AS4/3501-6 costs about $45/lb.



















































Laminate Loading Testcondition Specimenconfigurations,















































RTD, 1000 in-lb/in., AG
RTD, 1500 in-lb/in., AG
HW, 1000 in-lb/in., AG
HW, 1500 in-lb/in., AG



































aRTD = Room temperature, ambient moisture content.
HW = 180°F, hot, wet.
AG = Air-gun impact.
DW = Drop-weight impact.
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Average ......... 1.004 0.050 16.44 328.95 1.74 20.33 0.34
Standard deviation .... 0.000 0.000 0.60 11.75 0.84 0.69 0.01
aAt 0.2-percent strain.













































Average .......... 1.002 0.048 16.82 351.06



































































Average .......... 1.006 0.045 17.40











































































































































































































































































































































































































































































































































Average ......... 1.506 0.130 26.27 134.59 0.70 20.18 0.36
Standard deviation .... 0.000 0.000 0.79 4.20 0.03 0.35 0.01
aAt 0.2-percent strain.
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Average ......... 1.004 0.049 0.49 10.07 0.79 1.42 0.02
Standard deviation .... 0.001 0.001 0.02 0.20 0.03 0.06 0.00
aAt 0.2-percent strain.
























































































































Average .......... 1.001 0.042 0.31




























































































































































































Average ......... 1.006 0.046 0.58 12.35 0.91 1.48 0.02
Standard deviation .... 0.000 0.000 0.02 0.46 0.04 0.04 0.00
aAt 0.2-percent strain.
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Table7. Unnotched RTD Tension Properties for +45 ° Laminates




















Failure Failure Failure Shear
Thickness, load, I stress, strain, modulus, b
in. kips ksi percent ksi
0.050 2.00 39.79 3.85 760.90
0.050 2.00 39.88 3.86 746.30
0.049 2.03 41.27 3.86 750.20
0.048 2.03 41.96 3.86 796.20
0.049 2.03 41.08 787.80
0.049 2.02 40.79 3.86
0.001 0.01 0.84 0.00

























Failure Failure Failure Shear
Length, Width, Thickness, load, stress, strain, modulus, b
in. in. in. kips ksi percent ksi
10.00 1.001 0.045 1.74 38.64 3.83 687.40
10.00 1.001 0.046 1.75 38.04 3.83 707.80
10.00 1.002 0.046 1.75 38.04 3.82 696.30
10.00 1.001 0.047 1.75 37.14 3.83 665.80
10.00 1.001 0.047 1.66 35.32 3.83 678.80
1.001 0.046 1.73 37.44 3.83

















































0.043 I 1.7001 0 05
bin-plane shear modulus calculated for a 0° laminate.
Failure Failure Shear





















































Failure Failure Failure Shear
load, stress, strain, modulus, b
kips ksi percent ksi
1.58 34.92 3.83 999.40
1.67 37.61 3.83 781.10
1.65 37.35 3.82 804.20
1.71 39.00 3.83 803.40





























Failure Failure Failure Shear
Length, Width, Thickness, load, stress, strain, modulus, b
in. in. in. kips ksi percent ksi
10.00 1.004 0.046 1.72 37.21 3.79 893.70
10.00 1.005 0.046 1.77 38.28 3.79 881.04
10.00 1.005 0.045 1.77 39.16 3.78 907.80
10.00 1.005 0.045 1.74 38.47 3.79 947.70
10.00 1.005 0.046 1.65 35.76 3.79 904.30
1.005 0.046 1.73 37.78 3.79






















Table8. UnnotchedRTDTensionPropertiesfor Quasi-Isotropic Laminates



































































Average ......... 1.003 0.095 12.77 133.40 1.66 7.95 0.26
Standard deviation .... 0.001 0.001 0.34 3.85 0.05 0.05 0.04
aAt 0.2-percent strain.













































































































































































































































Average .......... 1.005 0.088 12.67 143.75 1.74 8.42 0.31
Standard deviation ..... 0.000 0.001 0.28 3.73 0.03 0.14 0.00
aAt 0.2-percent strain.























































































Specimen Length, Width, Thickness, Hole load,
ID in. in. in. diameter, in. kips
BP4-HT1 10.00 3.001 0.097 0.5 17.06
BP4-HT2 10.00 3.003 0.097 0.5 15.37
BP4-HT3 10.00 3.002 0.096 0.5 15.83
Average ......... 3.002 0.097 0.5 16.09
Standard deviation .... 0.001 0.000 0.0 0.72
BP4-HT4 10.00 1.498 0.097 0.25 8.78
BP4-HT5 10.00 1.499 0.097 0.25 9.08
BP4-HT6 10.00 1.498 0.096 0.25 8.81
Average ......... 1.498 0.097 0.25 8.89








































































































































































(d) IM7/5255-3 laminate nominal fiber volume fraction, 59.4 percent
Specimen Length, Width, Thickness, Hole
ID in. in. in. diameter, in.
5255-HT1 10.00 3.003 0.088 0.5
5255-HT2 10.00 3.003 0.089 0.5














































































































5260-HT4 10.00 1.505 0.090 0.25
5260-HT5 10.00 1.502 0.091 0.25
5260-HT6 10.00 1.501 0.091 0.25
Average ......... 1.503 0.091 0.25






















































































Average ........ 1.500 0.220 32.06 97.14 1.68 7.19 0.30
Standard deviation 0.000 0.000 0.79 2.40 0.03 0.10 0.01
aAt 0.2-percent strain.













































































































































































































































































































































Specimen Length, Width, Thickness, Hole load, stress, strain, Modulusf
ID in. in. in. diameter,in. kips ksi percent Msi
BP-HC4 10.00 3.004 0.240 0.25 37.01 51.34 0.71 7.62
BP-HC5 10.00 3.006 0.242 0.25 37.59 51.68 0.72 7.50
BP-HC6 10.00 3.006 0.242 0.25 37.18 51.11 0.71 7.49
Average......... 3.005 0.241 0.25 37.26 51.38 0.71 7.54
Standarddeviation .... 0.001 0.001 0.00 0.24 0.23 0.00 0.06
BP-HC7 10.00 3.004 0.240 0.50 31.15 43.21 0.58 7.82
BP-HC8 10.00 3.004 0.240 0.50 30.63 42.49 0.57 7.69
BP-HC9 10.00 3.005 0.240 0.50 31.09 43.11 0.58 7.76
Average ......... 3.004 0.240 0.50 30.96 42.94 0.57 7.76
Standard deviation .... 0.000 0.000 0.00 0.23 0.32 0.00 0.05
BP-HC1 10.00 5.006 0.242 1.00 44.24 36.52 0.51 7.43
BP-HC2 10.00 5.003 0.241 1.00 45.38 37.64 0.23 7.32
BP-HC3 10.00 5.004 0.243 1.00 44.64 36.71 0.51 7.37
Average ......... 5.004 0.242 1.00 44.75 36.96 0.42 7.37






















































































































































































Specimen Length, Width, Thickness, Hole load, stress,
ID in. in. in. diameter,in. kips ksi
5255-HC4 10.00 3.006 0.222 0.25 29.59 44.34











5255-HC7 10.00 3.003 0.222 0.50 24.38
5255-HC8 10.00 3.005 0.224 0.50 24.99
5255-HC9 10.00 3.006 0.223 0.50 25.95
Average......... 3.005 0.223 0.50 25.11
Standarddeviation .... 0.001 0.001 0.00 0.65
5255-HC1 10.00 5.007 0.216 1.00 40.09
5255-HC2 10.00 5.006 0.217 1.00 40.11
5255-HC3 10.00 5.007 0.215 1.00 38.43
Average ......... 5.007 0.216 1.00 39.54

































Specimen Length, Thickness, Hole
ID in. in. diameter,in.
5260-HC4 10.00 3.000 0.225 0.25 36.86
5260-HC5 10.00 3.000 0.230 0.25 37.34
5260-HC6 10.00 3.001 0.226 0.25 36.34
Average......... 3.000 0.227 0.25
Standarddeviation .... 0.000 0.002 0.00
5260-HC7 10.00 3.002 0.225 0.50
5260-HC8 10.00 3.002 0.230 0.50
5260-HC9 10.00 3.000 0.225 0.50
Average......... 3.001 0.227 0.50

















































































































Average......... 3.005 0.243 0.25





























(b) IM7/X1845 laminate; nominal fiber volume fraction 55.9 percent
Specimen Length, Width, Thickness Hole
ID in. in. in. diameter, in.
AMC-HC10 10.00 3.004 0.241 0.25
AMC-HCll 10.00 3.002 0.242 0.25
AMC-HC12 10.00 3.003 0.237 0.25
Average .......... 3.003 0.240 0.25
























































































































































(a) IM7/E7T1-2 laminate; nominal fiber volume fraction, 54.2 percent
Damage Failure Failure Failure
Specimen Length, Width, Thickness, area, load, stress, strain, Modulus, a
ID in. in. in. in 2 kips ksi percent Msi
BP-CAI1 b 10.00 5.006 0.245 2.18 44.39 36.19 0.51 7.12
BP-CAI2 b 10.00 5.004 0.244 2.46 46.30 37.92 0.53 7.15
BP-CAI3 b 10.00 5.004 0.243 2.41 42.71 35.12 0.48 7.26
Average ........... 5.005 0.244 2.35 44.46 36.41 0.51 7.18
Standard deviation ...... 0.001 0.001 0.12 1.47 1.15 0.02 0.06
BP-CAI4 c 10.00 5.004 0.244 3.95 35.71 29.25 0.40 7.26
BP-CAI5 c 10.00 5.005 0.245 3.91 36.71 29.94 0.41 7.30
BP-CAI6 c 10.00 5.005 0.244 3.97 37.72 30.89 0.43 7.24
Average ........... 5.005 0.244 3.94 36.72 30.03 0.41 7.26
Standard deviation ...... 0.000 0.000 0.02 0.82 0.67 0.01 0.03
BP-DWCAI d 10.00 4.995 0.243 1.97 48.38 39.86 0.57 7.28
aAt 0.2-percent strain.
bImpacted with air gun at 1000 in-lb/in.
CImpacted with air gun at 1500 in-lb/in.
dImpaeted with drop weight at 1500 in-lb/in.






































































bImpacted with air gun at 1000 in-lb/in.
CImpacted with air gun at 1500 in-lb/in.






















































































5.007 0.218 3.34 31.28
5.007 0.219 4.22 29.31
5.006 0.219 4.03 28.24
5.007 0.219 3.86 29.61
0.000 0.000 0.38 1.26
4.996 0.219 1.80 46.15
"At 0.2-percent strain.
blmpacted with air gun at 1000 in-lb/in.
Chnpacted with air gun at 1500 in-lb/in.













































































































































bImpacted with air gun at 1000 in-lb/in.



















































Average ........... 5.000 0.224 2.63 35.95 32.10 0.42 7.78
Standard deviation ...... 0.001 0.001 0.17 0.70 0.61 0.01 0.05
5260-CAI4 c 10.00 5.002 0.224 4.26 29.84 26.63 0.35 7.72
5260-CAI5 c 10.00 5.001 0.225 4.58 25.94 23.05 0.30 7.70
5260-CAI6 c 10.00 5.000 0.225 4.75 25.79 22.92 0.30 7.66
Average ........... 5.001 0.225 4.53 27.19 24.20 0.32 7.69
Standard deviation ...... 0.001 0.000 0.20 1.88 1.72 0.02 0.02
5260-DWCAI d 10.00 5.003 0.227 1.75 46.64 41.07 0.54 7.89
aAt 0.2-percent strain.
bImpacted with air gun at 1000 in-lb/in.
CImpacted with air gun at 1500 in-lb/in.
dImpacted with drop weight at 1500 in-lb/in.
33
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bhnpacted with air gun at 1000 in-lb/in.
CImpaeted with air gun at 1500 in-lb/in.









































































































blmpacted with air gun at 1000 in-lb/in.




































































































0.223 3.58 28.09 25.20 0.33 7.80
0.001 0.13 0.35 0.31 0.00 0.07
aAt 0.2-percent strain.
bImpacted with air gun at 1000 in-lb/in.
CImpacted with air gun at 1500 in-lb/in.





















































































Average ........... 5.007 0.217 3.51 26.35
















bImpacted with air gun at 1000 in-lb/in.
CImpacted with air gun at 1500 in-lb/in.
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5260- CAI 10 e 10.00
5260-CAIll c 10.00










bImpacted with air gun at 1000 in-lb/in.
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(a) Ply-level tension specimens.











(b) Short-block compression specimen.
Strain gauges: centered,
0°/90 ° stacked, back to back
ool
-,91--1_
(c) Unnotched tension specimen for quasi-isotropic
laminates.
gauges: I




















Strain gauges for 5-in.




(e) Open-hole compression specimens. (f)
Figure 5. Concluded.








(a) Short-block compression fixture.
L-89-3310
L-85-11872
(b) Compression-after-impact test fixture.
Figure 6. Compression test fixtures.
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Figure 7. Impact test apparatus.
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Figure 15. Tension strengths and moduli for 90° laminates.
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